The sequencing of the human genome has facilitated efforts to define a wide spectrum of human genetic disorders. Variation at the nucleotide or sequence level has been extensively characterized and utilized for multiple purposes, including whole-genome association studies. This field has been galvanized by the availability of robust high-throughput array-based SNP detection, allowing major advances in defining the loci associated with age-related macular degeneration 1 , childhood and adult obesity 2,3 and myocardial infarction 4 , among others. These approaches have been successfully used to examine genetic factors associated with common complex traits and population variation, providing a wealth of information for human genetic and evolutionary studies 5, 6 . On a larger scale, variation in chromosome structure has been appreciated since the advent of chromosome banding. Examination of karyotypes has not only provided diagnostic information on genetic syndromes, but has also revealed microscopically detectable structural differences in the general population. More recently, emphasis has been placed on characterizing variations of the genome that fall in the range between the single nucleotide and visible chromosomal changes -submicroscopic structural variants (those that involve less than 5 Mb). Several recent studies have focused on identifying copynumber changes that have now been shown to exist in apparently normal individuals [7] [8] [9] [10] [11] [12] . These copy-number variations (CNVs) include insertions and deletions as well as more complex changes that involve gains and losses at the same locus. In addition, there are multilocus complex CNVs, which have been further characterized and classified
, among others. These approaches have been successfully used to examine genetic factors associated with common complex traits and population variation, providing a wealth of information for human genetic and evolutionary studies 5, 6 . On a larger scale, variation in chromosome structure has been appreciated since the advent of chromosome banding. Examination of karyotypes has not only provided diagnostic information on genetic syndromes, but has also revealed microscopically detectable structural differences in the general population. More recently, emphasis has been placed on characterizing variations of the genome that fall in the range between the single nucleotide and visible chromosomal changes -submicroscopic structural variants (those that involve less than 5 Mb). Several recent studies have focused on identifying copynumber changes that have now been shown to exist in apparently normal individuals [7] [8] [9] [10] [11] [12] . These copy-number variations (CNVs) include insertions and deletions as well as more complex changes that involve gains and losses at the same locus. In addition, there are multilocus complex CNVs, which have been further characterized and classified 11 . Depending on the resolution of the technique used, as many as 90 interindividual CNVs comprising regions of several kilobases to megabases can be identified 11 . Readily accessible, comprehensive databases contain much of the data from these studies (see the web site for The Sick Kids Centre for Applied Genomics and the UCSC Genome Browser).
The recent findings that large (>1 kb) insertions and deletions of DNA segments contribute significantly to human genome variation have focused the attention of human geneticists on the role of CNVs in the aetiology of human genetic disease. There is a strong correlation between segmental duplications and copy-number variants 8 . Segmental duplications (discussed further below) are large highly homologous low-copy repeats that appear to constitute approximately 5% of the genome 13 . However, analysis of the content of CNVs showed that about 30% of sequence within deletion CNVs consisted of segmental duplications, a sixfold enrichment with respect to the genome average 8 . The same study found that duplications showed an even greater enrichment for segmental duplications. Although it is unclear whether this type of variation contributes directly to
Constitutional abnormalities
Chromosomal abnormalities that are present at birth in the somatic cells of an individual.
abnormal clinical phenotypes per se, as a group it is a major contributor to genome variation 12, 14, 15 . CNVs occur in genomic regions that are associated with known disorders, providing a substrate and a risk for genomic rearrangement.
Several chromosomal regions are characterized by the presence of chromosome-specific segmental duplications. These segmental duplications share a high level of sequence identity, predisposing the regions to aberrant non-allelic homologous recombination 16 , which can result in deletions, duplications or inversions. Segmental duplications have been shown to flank genomic regions that are associated with known human syndromes. Thus, these features of genome architecture have been regarded as the underlying basis for many genomic disorders [15] [16] [17] . The term genomic disorder 18 is typically used to describe a gain (duplication) or loss (deletion) of a specific chromosomal region associated with a clinical genetic syndrome that may present with congenital anomalies or with impairment in neurological and cognitive function. In general, the clinical features are believed to reflect changes in the normal copy number or dosage of the genes that are contained in a given genomic interval, one or more of which contribute to the resulting phenotype. less frequently, the aberrant phenotype might be the result of gene disruption, creation of a fusion gene, a position effect or the unmasking of a recessive gene mutation. Technological improvements, coupled with higher-quality sequence and better annotation, have uncovered new syndromes [19] [20] [21] [22] [23] that are associated with copy-number changes, revealing several underlying mechanistic aetiologies. Using a group of genomic disorders that are mediated by segmental duplications (FIG. 1) , we discuss the impact that new technologies based on the human genome sequence have had on our understanding of the mechanisms of genomic rearrangements.
Detecting rearrangements
Under ideal conditions, conventional cytogenetic banding techniques allow for the visualization of segmental aneusomy for chromosomal regions of 2-10 Mb of duplicated or deleted DNA [24] [25] [26] . The introduction of molecular cytogenetic approaches such as chromosomal fluorescence in situ hybridization (FISH) into the repertoire of clinical testing and genetic investigation in the 1990s led to an explosion of information about the prevalence and variety of genomic rearrangements. The ability to locate specific DNA segments on metaphase chromosomes and in interphase nuclei identified gains, losses and rearrangements of DNA sequences associated with microdeletion and microduplication syndromes. The sensitivity of FISH is limited both by the size of the probes that are used and the fact that only the genomic region recognized by the specific probes can be queried. The information and resources provided by the Human Genome Project have made it possible to query any part of the genome. For example, a set of FISH probes were designed specifically to interrogate the integrity of human telomeres 27 . Their use revealed that submicroscopic subtelomeric rearrangements are a significant cause of mental retardation and multiple congenital anomalies 28, 29 . As they are commercially available, these probes are now used routinely for research and clinical diagnostic testing.
Once the involvement of genomic alterations in numerous genetic syndromes became clear, additional genome-wide approaches were developed to detect copy-number differences. Comparative genomic hybridization (CGH) is one such technique that was first described for the detection of copy-number changes in solid tumours 30 . Originally, copy-number variation was assessed by the differential labelling of DNAs from a test (for example, tumour) genome and from a reference genome (from a normal individual) by hybridizing them to metaphase chromosome spreads. The ratio of the test and reference hybridization signals was then used to determine the relative copy number of sequences in the test genome when compared with the reference genome. Chromosomal CGH is robust for the identification of large-scale imbalances 25 ; however, the use of metaphase chromosomes makes it difficult to detect events that involve regions that are less than 20 Mb of the genome, and limits the resolution of closely spaced aberrations and the ability to link ratio changes to genomic or genetic markers 31 . More recent technological improvements have resulted in a shift towards microarray-based formats for CGH analysis -array CGH 31, 32 . DNA probes are arrayed on a chip and CGH is used to test for increased or decreased dosage of chromosomal regions of interest. with a single test, array CGH can detect genomic errors for disorders that are usually identified by cytogenetic analysis and multiple FISH tests 33 . Array CGH has been widely used in the detection of chromosomal imbalances in solid tumours [34] [35] [36] [37] [38] , mental retardation [39] [40] [41] , subtelomeric rearrangements [42] [43] [44] and other constitutional chromosomal abnormalities [45] [46] [47] [48] [49] [50] . The detection limits of copy-number differences by array CGH depend on the probe density and the resolution of the platform used. The DNA probes range from genomic clones, most often BAC clones (80-200 kb) , to oligonucleotides (25-85 bp) . If genomic clones are used as the hybridization target, the size of each individual target and the distance between targets defines the size limits of what is detectable. For example, if BACs are spaced at 1-Mb intervals, any copynumber change that occurs between the BACs and is smaller than 1 Mb will not be detected. Spacing BACs at 0.5-Mb intervals results in a twofold improvement in the ability of the array to detect changes.
Oligonucleotide arrays can detect gains or losses of shorter stretches of the genome, and if oligonucleotides for a given region are densely arrayed, the sensitivity for detecting alterations of that region is greatly enhanced. Commercially available platforms that typically utilize oligonucleotides representing from tens of thousands to more than 1 million SNPs distributed across the genome are now frequently being used to assess copy number. These arrays or chips are used for genotyping studies, but groups of adjacent SNPs can be interrogated to determine copy number for a given chromosomal region. Studies using oligonucleotide arrays have Nature Reviews | Genetics 
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Uniparental Disomy
A condition whereby both members of a chromosome pair are contributed by one parent rather than one from each parent.
Translocation
The fusion or exchange of material between chromosomes. When there is no gain or loss of material, the translocation is said to be balanced; when there is a gain or loss, resulting in trisomy or monosomy for a particular chromosome segment, it is said to be unbalanced.
shown that known microdeletion syndromes and previously undiagnosed rearrangements can be detected in patients with mental retardation and/or multiple congenital anomalies [51] [52] [53] . In addition, when combined with appropriate analytical tools, SNP-based arrays can detect other types of genomic alteration. For example, regions of copy-number neutral loss of heterozygosity could be encountered in uniparental disomy (UPD) of a genomic interval 54 .
In general, array-CGH-based methods are currently focused on detecting copy-number changes; rearrangements such as balanced translocations or inversions are not detectable using this methodology. In addition, given the frequency of CNVs in the genome, higherdensity oligonucleotide arrays will require careful assessment of probe design for accurate copy-number genotyping of complex regions of the genome 55 . Although array CGH is proving robust and provides The chromosomal regions involved in segmental-duplication-mediated rearrangements described in this manuscript are shown expanded. Segmental duplications are shown as filled boxes: green boxes indicate segmental duplications that are known to be involved in recurrent chromosomal rearrangements, whereas yellow boxes indicate copies that are less frequently involved in mediating known rearrangements. On chromosome 5q, the region associated with Sotos syndrome deletions is indicated along with the causative gene, nuclear-receptor-binding SET-domain protein 1 gene (NSD1). On chromosome 7q11, the deletion associated with Williams-Beuren syndrome (WBS) is shown along with the elastin gene (ELN), the main gene responsible for the supravalvular aortic stenosis of WBS. Chromosome 8 is shown with the proximal (OR-REPP) and distal (OR-REPD) olfactory-receptor gene clusters that are associated with inverted duplications of 8p and the t(4;8). Also indicated on 8p is the polymorphic inversion of the region. The region on chromosome 15q11-q13 that is deleted in Prader-Willi and Angelman syndromes (PWS/AS) is shown with its numerous duplicated hect domain and RLD 2 (HERC2) gene segments. On chromosome 17, the region on that is 17p12 duplicated or deleted in Charcot-Marie-Tooth disease Type 1A and hereditary neuropathy with pressure palsies (CMT1A/HNPP) is shown with peripheral myelin protein 22 (PMP22), the gene that is known to be involved in their aetiology. Also on 17p11 is the region involved in Smith-Magenis syndrome (SMS) deletions and the reciprocal duplication. On 17q11 is the region involved in neurofibromatosis type 1 (NF1) deletions. A recently identified segmental duplication-mediated microdeletion syndrome at 17q21.3 is indicated. On chromosome 22, recurrent deletions associated with DiGeorge and velocardiofacial syndromes (DGS/VCFS) are indicated. The proximal and distal breakpoints (BP) for the marker chromosomes in cat eye syndrome (CES) and the t(11;22) BP region are also shown. Adjust line: 1.04+-2.8e-04x
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an exceptional level of resolution from a diagnostic perspective, the main difficulty with the current interpretation of array-CGH results lies in assigning causality and clinical significance to the alterations that are detected. Towards this end, the availability of databases with information on normal variation in multiple ethnic populations, and testing of unaffected parents, remain the standard approaches to discerning whether a copynumber change that has been detected by array CGH is likely to be disease-causing. Other technologies that have been used to determine or confirm copy-number changes associated with genomic disorders include quantitative or real-time PCR, multiplex amplifiable probe hybridization (MAPH) 56 and multiplex ligation-dependent probe amplification (MlPA). In traditional PCR, the amount of product is often not related to the amount of input DNA. By contrast, real-time or quantitative PCR is a kinetic approach that assesses the products in the early linear stages of the reaction. Thus, the higher the starting copy number of the nucleic acid target, the shorter the time required for a significant increase in fluorescent product to be observed. MlPA, similar to MAPH, allows the relative quantification of up to 45 different target DNA sequences in a single reaction based on the quantification of PCR products of varied lengths (FIG. 2) . This sensitive diagnostic screening method [57] [58] is also faster, less expensive and less labour-intensive than FISH or array CGH. For both quantitative PCR and MlPA, copy-number detection is strictly limited to the regions that the amplification primers have been chosen to assess.
Anatomy of genomic rearrangements
There are several types of repeat structure in the human genome, a feature that is thought to underlie its capacity for evolution. Smaller repeats, such as Alu repeats, long interspersed nuclear elements (lINES) and short interspersed nuclear elements (SINES) have already been implicated in causing human disease [59] [60] . large (> 1 kb) low-copy repeats, or segmental duplications, are also an important structural element. Segmental duplications can be complex, consisting of modular segments, and are characterized by a high degree of sequence identity, often 96-100% over large stretches of the repeat 13 . Paralogues can therefore be distinguished by examining sequence variation. Segmental duplications are more frequently found in the pericentromeric and subtelomeric regions of chromosomes. This bias is also mirrored by the concentration of segmental duplications in regions that are associated with genomic disorders (FIG. 1) . Array CGH was recently used to further investigate regions that are prone to potential genomic rearrangements, based on the duplication architecture of the genome, leading to the identification of a novel genomic disorder in chromosome 17q21.31 (ReF. 19) . Additionally, a significant number of CNVs in control individuals 8, 11, 13 and visible structural variants in chromosomes have been shown to cluster in these same chromosomal regions 15 , underscoring the involvement of segmental duplications in perpetuating the dynamic nature of the human genome. 
Pericentromeric
The region surrounding the centromere, the chromosomal region where two sister chromatids are joined.
Haploinsufficiency
The inactivation or deletion of one of two alleles in diploid cells such that insufficient protein is produced.
Hypercalcaemia
A condition that refers to an elevated calcium level in the blood.
Segmental duplications mediate aberrant recombination by misalignment, or non-allelic homologous recombination 16 , which can occur either between homologues (interchromosomally) (FIG. 3) , or intrachromosomally by looping out within a single homologue (FIG. 4) . These large, highly similar repeats can include sequences that are shared among different chromosomes, or can contain paralogous sequence from within a given chromosome. The orientation of segmental duplications might also contribute to genomic rearrangements 17, 18, 61 . For example, direct repeats are more likely to mediate deletions and duplications of a given region, whereas those that are arranged in an inverse orientation are likely to be associated with inversions of the intervening regions 17 (FIG. 4) .
Genomic disorders
The presence of multiple congenital anomalies in a patient can be associated with a rearrangement of the genome 18 , which can occur through multiple mechanisms 17 . Some of these rearrangements are not associated with changes in dosage or copy number, such as balanced translocations of chromosomal material or chromosomal inversions. In these cases, it is thought that the rearrangement affects the expression of a gene or genes in the interval by causing a breakage within the coding region or by disrupting the regulatory regions, leading to a phenotype. Microdeletion syndromes are genomic disorders that have been referred to as ''contiguous gene-deletion syndromes'' 62 because the commonly deleted chromosomal regions contain multiple genes. Microduplication syndromes are associated with a gain in copy number of a group of contiguous genes. Although only some patients have cytogenetically visible chromosomal losses or gains, molecular studies frequently reveal submicroscopic changes. A group of segmentalduplication-mediated rearrangements, many of which have been extensively characterized both phenotypically and molecularly, is discussed below, with an emphasis on their aetiological and mechanistic features. See also FIG. 1.
Chromosome 5q35. Translocations of the long arm of chromosome 5 associated with Sotos syndrome led to the identification of the associated gene, NSD1 (ReF. 63) . Sotos syndrome is characterized by overgrowth, craniofacial differences, hypotonia and variable mental retardation. Haploinsufficiency of NSD1, which lies on chromosome 5q35 (chromosome 5, long arm, region 3, band 5) and encodes a nuclear receptor SET-bindingdomain protein, which confers these phenotypic features. NSD1 is a putative co-regulator that interacts with steroid receptors and DNA response elements to regulate transcription. Approximately 45% of the initial cases studied were caused by microdeletions that included this gene 64 . Subsequently, 83% of cases in a large study in the United Kingdom were shown to carry intragenic deletions and mutations of NSD1 (ReF. 65) . A common 1.9-Mb deletion encompassing the entire gene that is mediated by flanking segmental duplications has subsequently been identified 64, 66 . The prevalence of these structural elements is variable, which might account for the variable frequency of microdeletions in different populations.
The reciprocal duplication of this same region has been identified by array CGH and MlPA-based techniques 67 in a small cohort of patients; their decreased growth, including small stature and microcephaly, suggests that gene dosage is directly related to the distinct growth phenotypes that are associated with microdeletions and microduplications of this locus 68 .
Disorders of chromosome 7. The pericentromeric region of chromosome 7q contains intrachromosomal segmental duplications that give rise to recurrent constitutional genomic rearrangements. The well-known microdeletion syndrome williams-Beuren syndrome (wBS) is associated with this region. wBS is characterized by cardiovascular abnormalities, hypertension, intermittent hypercalcaemia, growth retardation, facial dysmorphology and mental retardation with a unique, outgoing personality. The vast majority of patients have a microdeletion of about 1.5 Mb from chromosome 7q11, which contains 17 genes including the elastin gene (ELN). Haploinsufficiency of ELN underlies a specific cardiac defect -supravalvular aortic stenosis -that is often seen in wBS. Further, mutations in ELN are associated with isolated autosomal dominant supravalvular aortic stenosis, which has been described in families 69 . Two of the genes that are located near the typical breakpoints of the wBS microdeletion, neutrophil cytosolic factor 1 gene (NCF1) and GTF2I-repeat-domain-containing 2 (GTF2IRD2), have been studied for their association with hypertension, a prevalent feature of wBS. Studies of gene expression within and around the deletion demonstrated that not only the hemizygous genes but also intact genes flanking the deletion showed reduced expression levels, presumably because their transcription control elements are affected by the deletion 70 . Up to one-third of unaffected parents of wBS children have inversions of chromosome 7q11 (ReF. 71) . The inversion variant is present in up to 5% of the general population, and is thought to confer a genetic risk for a carrier to have a child with wBS 72 , by predisposing the chromosome to aberrant meiotic recombination. This recombination is mediated by the complex, modular ~400-kb segmental duplications that lie in the vicinity of the wBS deletion breakpoints. Although similar predisposing inversions are not typical of all the wellknown segmental-duplication-mediated microdeletion syndromes, for wBS these inversions seem to have a significant effect on its aetiology.
A chromosome 7q11 duplication syndrome, which is the reciprocal of the wBS deletion, is associated with characteristic facial features 67 , learning and speechacquisition delays, and behavioural features that fall within the autism spectrum 73 . The severe problem with expressive speech in particular is in striking contrast to the unusual fluency that is observed in wBS, suggesting that dosage of specific genes in 7q11.2 is important for human language and visual-spatial ability 74 . It also illustrates the point that phenotypic manifestations of microduplications and microdeletions of the same genomic region can be quite different.
Chromosome 8 rearrangements.
Olfactory-receptor (OR) genes represent the largest superfamily in the mammalian genome 75 . They frequently cluster and are present on most human chromosomes, providing evidence for the evolutionary processes -gene duplication and conversion -that are responsible for their genomewide expansion 76 . The estimated copy number is up to 1,000 ORs per haploid genome. Two OR gene clusters reside on chromosome 8p, providing a substrate for the formation of several recurrent intrachromosomal rearrangements. Among them are the inverted duplication or (inv dup(8p)) 77 , del (8)(p22) 78-80 and small marker chromosome der(8)(p23-pter) 81 (the derivative 8 is an inverted duplication of the material on the short arm of chromosome 8 starting from region 2 band 3 and extending to the terminus of the short arm of chromosome 8). Some of these recurrent 8p rearrangements occur as a consequence of an inversion polymorphism in the parent who has transmitted the disease-related chromosome.
The inverted duplications on chromosome 8p23 have a consistently maternal origin, presumably owing to the differences between male and female meiosis. Studies using probes located between the two OR clusters on 8p in phenotypically normal mothers of individuals with inv dup(8p) revealed that these mothers were heterozygous for a submicroscopic inversion of chromosome 8p (ReF. 82) . The inversion is flanked by the 8p OR gene clusters and is present, in a heterozygous state, in 26% of a population of European descent. The presence of the inversion was suggested to result in a predisposition to aberrant recombination, leading to the formation of the inv dup(8p) or its reciprocal 8p23 deletion product 83 . The recurrent deletions of 8p23 have been associated with cardiac defects and congenital diaphragmatic hernia 84, 85 . Furthermore, heterozygous submicroscopic inversions of this region were detected in the transmitting progenitor of many deletion-carrying probands. Here again, non-allelic homologous recombination between segmental duplications creates aberrant exchanges in meiosis.
Similarly, another OR gene cluster resides at 4p16 and provides the partner region for the recurrent 
Imprinting
The differential expression of genes depending on whether they were inherited maternally or paternally.
Supernumerary marker chromosome
A marker chromosome present in a karyotype that consists of more than 46 chromosomes. t(4;8)(p16;p23) -a translocation between chromosomes 4 and 8 with breakpoints at 4p16 and 8p23. In the unbalanced form this translocation has been reported multiple times in association with congenital anomalies. Individuals with an unbalanced karyotype containing the der(4) show typical features of wolf-Hirschhorn syndrome, a well-known deletion syndrome 86, 87 , whereas those with the der(8) show a milder dysmorphic syndrome 83 . Double-heterozygous inversion polymorphisms in non-homologous chromosomes that are generated by OR-gene clusters have been shown to mediate some of these interchromosomal rearrangements.
Disorders of chromosome 15. The 15q11-q13 region has an extremely complex organization and is susceptible to rearrangements. The acrocentric morphology of chromosome 15 and the presence of several large lowcopy repeats in the region near the centromere facilitate rearrangements including deletions, duplications and small marker chromosomes. These segmental duplications flank the typical recurrent breakpoints and lead to segmental aneusomy of the 15q11-q13 region. Because this region is subject to imprinting, the phenotypes that are associated with the disorders depend on the parental origin of the rearranged chromosome.
Two distinct disorders are associated with interstitial deletions of chromosome 15q11: Prader-willi syndrome (PwS) and Angelman syndrome. The regions that are deleted in these two conditions often physically overlap, although PwS occurs only when the deletion is on the paternally inherited chromosome [88] [89] [90] , whereas Angelman syndrome occurs when the deletion is on the maternally derived chromosome, emphasizing the role of imprinting in the aetiology of these human diseases. Recent work has demonstrated that there is significant heterogeneity in the mechanisms that lead to loss of imprinted genes in these syndromes 91, 92 . Sixty to seventy percent of PwS cases are caused by a 15q11-q13 deletion. Most are sporadic, de novo deletions, although in a few patients deletions are secondary to familial translocations 93 . The common deletions in PwS encompass an ~5-Mb region flanked by chromosome-15-specific segmental duplications, which mediate the rearrangements 94, 95 . These segmental duplications consist of complex modular subunits, and are composed of duplications of the HECT (also known as HERC5) domain and RLD2 (also known as HERC2), a conserved gene of unknown function 96 . Importantly, the deleted region contains several paternally imprinted genes 97 . To date, four protein-coding genes that are transcribed only from the paternal chromosome (makorin, ring finger protein, 3 gene (MKRN3), MAGE-like 2 (MAGEL2), necdin homologue (NDN), and SNRPN upstream reading frame (SNURF-SNRPN)) have been identified, but their precise contribution to the PwS phenotype is unclear. Further, several other imprinted transcripts and genes have emerged, and their role in the phenotype is under investigation 98, 99 . SNRPN (small nuclear ribonucleoprotein polypeptide N) has been a leading candidate gene for the PwS phenotype, although some patients who carry interrupted SNRPN do not show all features of the disorder 100 . Recurrence risks for PwS vary depending on the underlying molecular mechanism -it is low with de novo deletions and uniparental disomy and increased with translocations involving this region. Additionally, several rare familial cases have been identified in which there is an imprinting-centre defect. In these families, the risk for recurrence is significantly greater. Many of these infrequent imprinting-centre defects appear to result from SNRPN exon 1 deletions, as this region seems to be essential for the imprinting-centre function 91 . like PwS, the genetic aetiology of Angelman syndrome is complex. Approximately 65-70% of patients have a de novo segmental-duplication-mediated ~5-Mb deletion of maternal 15q11-q13; these cases involve the same segmental duplications that are associated with PwS on the paternal 15q homologue. Fewer patients (3-5%), those without deletions, have paternal uniparental disomy for chromosome 15. Another 3-5% of patients have an imprinting defect associated with microdeletions of a region that lies 35-40 kb upstream of SNRPN exon 1.
Another mechanism associated with Angelman sydrome involves mutations in UBE3A. UBE3A maps to the critical region for Angelman syndrome and encodes an E6-AP ubiquitin-protein ligase, which catalyses the transfer of activated ubiquitin to protein substrates, thereby earmarking them for degradation by the proteasome. Mutations that disrupt normal patterns of DNA methylation at the imprinting centre occur in 5-10% of patients, accounting for a significant proportion of familial cases 101 . Inv dup(15) is the most common supernumerary marker chromosome seen in humans, accounting for approximately 40% of all such cases. It has been suggested that a predisposing mechanism to inv dup (15) formation is inherent in the complex structure of proximal chromosome 15. Several regions in which breakage occurs have frequently been described. with the use of array CGH, at least four different distal breakpoints have been detected indicating that there are symmetrical and asymmetrical inv dup(15q) chromosomes 102 . Because the involved regions (between 15q11 and 15q13) contain a large number of segmental duplications, it has been proposed that non-allelic homologous recombination between these repeats is likely to be involved in the formation of the marker chromosomes 102 (FIG. 5) .
Inv dup(15) chromosomes are dicentric, bisatellited and consist of two inverted copies of the short (p) arm, the centromere and the proximal long (q) arm of chromosome 15, which are fused at the proximal long arm. This rearrangement results in tetrasomy of 15p and partial tetrasomy of 15q (ReFs 102-104) . Phenotypically, the individuals with the extra chromosome are characterized by mental retardation, seizures, autism or autistic-like behaviour, abnormal dermatoglyphics and strabismus. Several studies have shown a correlation between the extent of the duplication and the resulting phenotype [105] [106] [107] [108] . In fact, Inv dup(15) chromosomes have been reported in three groups of subjects: normal individuals, individuals with mental retardation and other anomalies, and some patients with PwS and Angelman syndrome. , providing another example of distinct phenotypes associated with loss versus gain of the same genomic interval. Intrachromosomal and interchromosomal non-allelic homologous recombination, without apparent parental origin bias, underlies both the deletions and duplications of this region 114 . An 8-kb recombination hotspot has been described 115 , and alternative low-copy repeats seem to serve as the substrates for non-allelic homologous recombination, resulting in larger, atypical deletions (5 Mb) that encompass the SMS region 114, 116 . Duplication of a more telomeric region of 17p, of approximately 1.5 Mb lying adjacent to the region that is missing in SMS, causes Charcot-Marie-Tooth disease type 1A (CMT1A) 109 . This polyneuropathy is characterized by a progressive weakness and atrophy of the distal limb muscles, which usually begins in the legs and feet. The duplication of this region of 17p contains the peripheral myelin protein 22 gene (PMP22). PMP22 is a major component of myelin that is found in all myelinated fibres in the peripheral nervous system, and is produced predominantly by Schwann cells. The reciprocal deletion of the same 1.5-Mb region is associated with hereditary neuropathy and liability to pressure palsies (HNPP) -an episodic neuropathy 109 . Two copies of the CMT1A repeat (CMT1A-REP), each of 24 kb, show greater than 98% sequence identity 117 . They flank the 17p12 region and mediate the interstitial duplications and deletions that are associated with CMT1A and HNPP, respectively. Recombination breakpoints for both disorders cluster around a 1.7-kb hotspot that contains recombination-promoting motifs and a mariner transposon element 118 , although the functional relationship between these elements and the hotspot is not well defined. The exchanges appear to take place in a 557-bp region within the breakpoint cluster interval.
Microdeletions of chromosome 17q11.2 can result in neurofibromatosis type 1, if they encompass the gene encoding neurofibromin 119 . The segmental duplications that mediate these deletions are complex NF1-repeats. They are approximately 15-100 kb in size, and are associated with interchromosomal exchanges causing deletions that are primarily of maternal origin. In addition, recombinogenic sequences similar to those seen in Escherichia coli, which can instigate aberrant recombination, have been reported in the vicinity of these microdeletions 120 . Recombination-promoting motifs, 
Bisatellited marker chromosome
A marker chromosome is usually small, of unknown origin and unidentifiable from its G-banding pattern. Bisatellited markers have small round appendages that are attached by fine stalks to both ends of the marker chromosome.
Non-Robertsonian
A reciprocal translocation of material between two chromosome arms, not at the centromere of an acrocentric chromosome.
Constitutional translocations
Translocations that are present at birth in the somatic cells of an individual.
such as polymerase-arrest sites, are associated with both homologous and non-homologous recombination leading to genomic rearrangements 121, 122 . These motifs have been previously identified at or near deletion and translocation breakpoints 123, 124 , and near deletions on other chromosomes 61 . Predictions based on genome architecture and the location of segmental duplications have recently led to the identification of a novel recurrent genomic disorder characterized by microdeletions of chromosome 17q21.3 (ReFs 19-21) . Its clinical features include mental retardation, hypotonia and facial dysmorphia. The disorder is associated with a common inversion polymorphism 20 that encompasses the microtubule-associated protein tau gene (MAPT), which has previously been associated with neurological disorders 21 . This is one of the first genomic disorders to be identified primarily using array-CGH-based techniques.
Disorders of chromosome 22.
There are several recurrent, constitutional abnormalities on chromosome 22q. Among them are translocations and deletions associated with DiGeorge syndrome (DGS) and velocardiofacial syndrome (VCFS), the recently described interstitial duplications of 22q11, the bisatellited marker chromosome of cat eye syndrome (CES), and the translocations that give rise to the recurrent t(11;22) supernumerary der (22) syndrome (Emanuel syndrome). All of the rearrangement breakpoints cluster around the same chromosome-specific segmental duplications of proximal 22q11, indicating that they are involved in the aetiology of these disorders 96 . The 22q11.2 deletion syndrome -the most common human microdeletion syndrome -is a genomic disorder that encompasses the clinically defined DiGeorge syndrome, velocardiofacial syndrome and conotruncal anomaly face syndrome (CTAF). Affected individuals show a wide range of phenotypic features, including cardiac defects, palatal anomalies, thymic, parathyroid, craniofacial, developmental and behavioural manifestations [125] [126] [127] . However, there is significant variation, even within families.
Although smaller, nested recurrent 1.5-Mb deletions have been associated with the syndrome, 80-90% of patients carry the same deletion of approximately 3 Mb in size. However, the phenotype of those patients with the large and small deletions is indistinguishable, making genotype-phenotype correlations difficult 128 . The 3-Mb deletion contains approximately 35 genes, including TBX1. TBX1, a member of the T-box family of transcription factor genes, was identified as the leading candidate gene for the syndrome when several 22q11.2 deletion-associated phenotypes were modelled in the mouse [129] [130] [131] . Point mutations in TBX1 were subsequently identified in individuals who did not carry deletions, but who had the main physical, but not behavioural and cognitive, features that are seen in the disorder 132 . More recently, studies using mouse models attributed the behavioural defects of the syndrome to Tbx1 (ReF. 133) . The same authors also identified a frameshift mutation of TBX1 in a family with phenotypic and psychiatric features of the 22q11.2 deletion.
Most 22q11 deletions occur as de novo lesions. Studies of crossover events in affected probands confirmed that increased interchromosomal exchanges between homologous chromosomes in the regions containing low-copy repeats are associated with the deleted chromosome 134, 135 . By contrast, normal chromosomes 22 show a pattern of recombination that is consistent with more telomeric exchanges 136 , as is predicted by standard recombination maps. Although this region of 22q11.2 does not seem to be a recombination hotspot, the presence of segmental duplications predisposes the region to atypical recombination events.
The reciprocal duplications of 22q11 have been identified less frequently than anticipated. This is probably due to under-ascertainment caused by insensitivity of the standard FISH technique used for detection, and also due to the indeterminate phenotype. In fact, the patients who have been identified to date seem to be phenotypically diverse, ranging from individuals with multiple defects to those who are phenotypically normal [137] [138] [139] [140] . A supernumerary, bisatellited marker chromosome comprising portions of chromosome 22 has been associated with CES -a malformation syndrome associated with a highly variable pattern of congenital anomalies. It is named for the ocular defect or pupil malformation that is seen in half of the affected individuals. The acrocentric marker chromosome of CES contains two copies of 22pter→q11.2 (chromosome 22 starting at the terminus of the short arm and ending on the long arm at region 1 band 1.2), so affected individuals carry four copies of the genes that are located in this region. CES marker chromosomes vary in size and can be asymmetrical with regard to the region that is duplicated 141 . The breakpoints of the CES chromosome cluster in two intervals, as shown in FIG. 1 . Although the critical region for CES lies in the 2-Mb region centromeric to the VCFS and DGS region, which contains at least ten genes, the extra material in the larger CES chromosomes can extend across the 3-Mb region that is usually deleted in VCFS and DGS.
The t(11;22) translocation and Emanuel Syndrome.
The t(11;22)(q23;q11.2) is the most frequently occurring non-Robertsonian, constitutional translocation in humans 142, 143 . Carriers of the constitutional translocation t (11;22) are phenotypically normal, and are often identified after the birth of abnormal offspring with the der(22) as a supernumerary chromosome -(47,XX or XY,+der (22) Patients with Emanuel syndrome have a distinctive phenotype that includes severe mental retardation, facial malformations, heart defects and genital abnormalities in males. Presumably, unbalanced karyotypes with 46 chromosomes and the der(11) or the der (22) are not viable, as meiotic analysis in males has shown that the other segregants do arise 144, 145 . The minimal overall recurrence Nature Reviews | Genetics
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Palindrome
A DNA sequence that reads the same in both directions.
risk for producing offspring with an unbalanced karyotype is estimated to be 1.8-5.6% (see the Gene Reviews web site). Risks vary depending on whether the mother or father of a proband is the carrier of the balanced translocation, with a slightly greater risk for meiotic malsegregation in female than in male carriers 143 . The translocation breakpoints on both chromosomes 11 and 22 are tightly clustered in multiple unrelated families 137, 146 . Nearly identical breakpoints have been identified within palindromic AT-rich repeat regions (PATRRs) on chromosomes 11q23 and 22q11, suggesting that genomic instability is the mechanism that underlies the rearrangement 146 . Palindrome-mediated double-strand breaks in meiosis are thought to result in non-homologous end joining between the two chromosomes, resulting in this recurrent translocation (FIG. 6) . The PATRR on chromosome 11 is polymorphic in healthy individuals; this variation seems to alter an individual's susceptibility to producing de novo t (11;22) translocations in meiosis 147 . The recurrent translocation is facilitated by physical proximity between 11q23 and 22q11 during meiosis 136 . The genomic architecture of the pericentromeric region of chromosome 22q predisposes it to recurrent deletions, duplications and translocations (FIG. 7) . Recognizable phenotypes are associated with copynumber variation of the chromosome 22q11.21 region: hemizygous loss reflected by one copy in Figure 6 | Model for the translocation between 11q23 and 22q11. a | The palindromic AT-rich repeat on chromosome 22q11 or 11q23 is shown as dsDNA with the arrows indicating the head-to-head inverted repeats. DNA strand separation occurs followed by cruciform extrusion. Palindromic sequences (head-to-head arrows) are predicted to form a hairpin or cruciform structure on chromosome 11, and a similar one on chromosome 22. The tips of the cruciforms may be prone to nicking by nucleases. b | Chromosome 22 with double-strand breaks within the palindrome (coloured green) could recombine with 11q23 or with another chromosome (chromosome 'N') that has similar double-strand breaks. This would lead to a translocation between chromosome 22 and chromosome 11 or chromosome N, leading to the formation of der (22) and a der(11) or der(N). Most often, N is chromosome 11. cen, centromere; tel, telomere. (22) der (22) Cat eye syndrome DiGeorge/velocardiofacial syndrome dir dup (22) dir dup (22) +der (22) (22) is associated with the cat eye syndrome, the +der(22)t(11;22) -a derivative chromosome 22 that is generated by the translocation between chromosomes 11 and 22 -is associated with Emanuel syndrome. The interstitial direct duplication is not visible cytogenetically. b | A copy-number diagram for the above disorders. Multiplex ligation-dependent probe amplification (MLPA) and fluorescence in situ hybridization (FISH) probes as well as copy number for the disorders shown in panel a are indicated. c | Graphical output for copy number of SNPbased probes on chromosome 22 on the Affymetrix 50K Xba Mapping GeneChip as computed by copy-number analysis software CNAG 155 . Red dots represent raw log 2 ratio values for each SNP. Blue curves represent copynumber inferences based on local mean analysis for ten consecutive SNPs. Heterozygous SNP calls are shown as green bars below the chromosome 22 ideogram at the bottom of the figure. For probes that are normal in copy number, the signal intensity ratio of the subject versus controls is expected to be 1 and the log 2 ratio should be around 0.0 (log 2 = 0). The deletion that has been detected in this patient with DiGeorge and velocardiofacial syndromes (DGS/VCFS) based on log 2 ratio is underlined in red. Loss of copy number due to a deletion results in a negative log 2 ratio (mean log 2 ratio ~ -0.5).
DiGeorge syndrome, and gains reflected by three copies (Emanuel syndrome) and four copies (large cat eye chromosome) each display a distinct set of clinical features, even when the same genomic interval is involved. The genomic instability of 22q11 is attributed to its large (200-500 kb), highly homologous (98-99% sequence identity), modular segmental duplications that facilitate misalignment before meiotic exchange 61, 96, 135, 137, 148 . BCRL modules that contain sequences related to the BCR (breakpoint cluster region) gene exist within most of the 22q11 segmental duplications 149 . It has recently been shown that deletion endpoints for distal deletions of 22q11.2 lie within BCRL modules 61 . The BCR-like sequences might serve as the substrate for many of the genomic rearrangements associated with this chromosome's pericentromeric region. In addition, there is evidence that structural variation, such as polymorphic Alu repeats, might have a role in the non-allelic homologous recombination 150 that is associated with deletions on this chromosome in particular 61 .
Aberrant recombination and genomic disorders
Segmental duplications that flank specific regions of the genome have been shown to mediate misalignment and aberrant recombination in meiosis. Evidence for unequal meiotic exchanges in genomic regions that contain segmental duplications has been provided for a number of human deletion and reciprocal duplication syndromes including wBS (chromosome 7q11.2), PwS and Angelman syndrome (chromosome 15q11.2), SMS (chromosome 17p11.2), neurofibromatosis type I (chromosome 17q11.2), and DiGeorge syndrome and VCFS (22q11.2) (see ReF. 96 for a review). A recent study of a large group of patients with wBS, PwS, Angelman syndrome, DiGeorge syndrome and VCFS found that most of the rearrangements were interchromosomal, with approximately equal numbers of maternal and paternal deletions 151 . The proportions of interchromosomal deletions varied among the groups, with chromosome 22q11 having the most and chromosome 15q having the least.
Studies of other genomic disorders have demonstrated the presence of chromosomal inversions involving regions that are flanked by segmental duplications. Inversions are thought to predispose a chromosome to rearrangement in meiosis 17 . For example, one-third of transmitting progenitors of wBS have an inversion flanked by the segmental duplications on chromosome 7q11.2 (ReF. 71) . Inversions involving the segmental duplications on chromosome 5q35 associated with Sotos syndrome were detected in fathers whose children carried a paternal deletion of the region 66 .
Regions in which recurrent and varied types of rearrangements occur show an unusual degree of genomic instability, and are presumably susceptible to doublestrand breaks. synaptonemal complexes and sites of exchange might form in response to these breaks. The presence of palindromic sequences on 22q, for example, might have a major role in susceptibility to double-strand breaks. Palindromic sequences have been implicated in double-strand breaks that mediate translocations of 22q11, including the t(11;22).
Conclusions
Segmental duplications have arisen in the primate genome, driving the process of chromosome evolution 152, 153 . Evolutionary studies showed that the segmental duplications involved in Sotos syndrome apparently occurred before the divergence of Old world monkeys 66 , and those mediating the 22q deletion of DiGeorge syndrome arose around the time of the divergence of Old and New world monkeys 148 . wBS repeats were demonstrated to have rapidly evolved during the divergence of primates 154 . In general, species-specific duplications and rearrangements are associated with significant differences among the different species of primates studied. In the hominoid species, Alu elements 150 were found at the ends of segmental duplications, suggesting that they have a role in facilitating the rapid evolution of these regions. The current focus on studying genome structure should significantly improve our understanding of its evolution. However, in addition to creating a dynamic, evolvable genome, these same structural elements (segmental duplications) result in instability, rearrangement and disease.
The ability to detect subtle chromosomal abnormalities has escalated progressively in recent years. with the advent of high-resolution G-banding, routine karyotyping has allowed for the ascertainment of changes that are greater than 5-10 Mb. The introduction of FISH led to the detection of many microdeletion and microduplication syndromes, as cosmid and BAC-based probes were developed and targeted to numerous known regions flanked by segmental duplications, as well as to the subtelomeric regions of human chromosomes. The development of chromosomal CGH provided the capability to assess the entire genome for copy-number differences in a single experiment, adding to the wealth of information about genomic disorders and copy-number imbalances. The development of array CGH with BAC or oligonucleotide targets has revolutionized the ability to detect small copy-number changes, leading to a higher rate of detection of clinically relevant chromosomal abnormalities and the description of new chromosomal disorders.
In addition, the surprising degree of variability of large segments of the genome has been exposed. Application of these array-based techniques will result in the identification of new genetic syndromes and the discovery of multiple loci that cause phenotypic abnormalities when their expression levels are modified by numerous mechanisms, including duplication or deletion. Thus, array CGH has the potential to replace the light microscope as the diagnostic tool of choice in the identification of clinically relevant chromosomal and genomic changes.
Note added in proof A recent article by Korbel, Urban and Affourtit et al. describes a large-scale sequencing approach to identify mapping structural variants in the genome 156 . It utilizes high-throughput and extensive paired-end mapping methods. Its ability to detect variants at a 3-kb resolution offers an improvement over the resolution of array CGH, and might ultimately allow for the identification of new genomic disorders.
Synaptonemal complex
The structure seen in electron micrographs of paired chromosomes at the pachytene stage of meiosis. The name is derived from the word synapsis, which has been used to designate chromosome pairing. Originally it referred to the protein structure aggregating the two chromosomes.
